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Abstract
Samples of the marine bivalve, Arctica islandica, collected on the island of Ingøya in
Finnmark, Norway, were used to produce a high-resolution annual and seasonal record of marine
environmental conditions. This study site may provide unique regional insights into oceanic and
atmospheric circulation patterns as it is influenced by three major currents: the North Atlantic
Current, the Norwegian Coastal Current, and the Arctic Current. Shells were collected from a 3
meter high stratigraphic section, referred to as the Molo section, where several distinctive units
comprised of disarticulated shells, shell hash, sand and pebbles are exposed.
Ages were determined for 21 A. islandica shells collected throughout this section using
new low-precision AMS radiocarbon dating method. Two long-lived shells were also chosen for
standard-precision AMS radiocarbon dating. Ages of samples run using both techniques were not
within 1-sigma error of one another, though they did fall just outside of this range. Ages from
both types of dating techniques were used to construct a floating, crossdated record.
The 14C ages determined from different shells taken from throughout the Molo in addition
to a relative sea level curve constructed from raised beaches located at Kuhelleran were used to
reconstruct the depositional history of the exposure. The phases of deposition found correspond
to three distinct periods of sea level on the island.
Trends from both the 400-year crossdated record and the <30 year δ18O records indicate
large-scale variation occurring in this marine environment. Morlet and DOG Wavelet analyses
are used to investigate cyclical trends in the 400-year record. Periodicities of 50, 35, 10-20,
and 5-7 years were found, ranging in significance. MTM spectral analyses found additional
periodicities of 164, 5.5, and 2-3 years. The 50 year periodicity has been interpreted as AMO-like
variation, the 35 year cycles of low-frequency NAO-like variation, the 10 and 20 year periods
as reflective of solar cycles, and the 2-3, 5.5, and 5-7 year periods as high-frequency NAO-like
variation.
Sub-annual δ18O records displayed seasonal cyclicity, with a mean seasonal variation
of 4.68˚C. This seasonal variation indicates an increase in seasonal variability through the
Holocene, as mid-Holocene (~6,000 calendar year BP) values indicate a smaller degree of
seasonality while modern values indicate a larger degree of seasonality.
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Introduction
The climate of the North Atlantic region through post-glacial Holocene time has been greatly
influenced by changes in regional ocean current systems and associated climate feedback mechanisms.
In recent decades, temperatures at high-latitudes have changed at a faster pace than those at sub-arctic
latitudes, and models predict further amplified changes in the future (Serreze and Francis, 2006; Hald
et al., 2011; Serreze and Barry, 2011; Spielhagen et al., 2011). This arctic amplification is even more
relevant in ocean systems due to the sensitivity of marine ecosystems, which are also known to respond to
climate change at an accelerated rate (Wanamaker et al., 2011a).
The study area is located on Ingøya, Finnmark on the northernmost coast of Norway (Figure
1), uniquely situated within the influence of three ocean currents: the Arctic Current, the North Atlantic
Current, and the Norwegian Coastal Current. The northern boundary of the Atlantic Meridional
Overturning Circulation system (AMOC) also occurs in this region (Naafs, 2010). This boundary is
dynamic, meaning that as climate changes, the AMOC experiences shifts further south or further north
(Hald et al., 2007). Due to proximity to these systems, growth and temperature reconstructions from
A. islandica collected on Ingøya should display a strong signal of oceanic and atmospheric circulation
patterns, such as the Atlantic Multidecadal Oscillation (AMO) and the North Atlantic Oscillation (NAO)
(Mette et al., 2016).
The main study site on Ingøya is referred to as the Molo stratigraphic exposure (Figure 2).
“Molo” is Norwegian for “breakwater”. The Molo exposure is part of a unique east-facing beach and
coastal lowland system called Sanden. The focus of this study is two-fold, involving both a physical
and geochemical analysis of shells sampled from the Molo exposure and a subsequent analysis of the
depositional history represented in this exposure.
In analyzing the physical and geochemical properties of these shells, we hope to accomplish three
things: First, to produce an extended, cross-dated, floating series using growth increments of multiple
shells. Second, to produce a sea surface temperature (SST) record via isotopic δ18O analysis. Third, to
investigate the seasonal δ18O signal from a single shell, which will be compared to other Ingøya shells
taken from different points in the Holocene. This combination of physical and geochemical analyses
will provide a comprehensive, high resolution “snap shot” of late-Holocene conditions in a high-latitude
marine environment. Annual variation will then be analyzed for the presence of major oceanic and
atmospheric signals, including changes in NAO and AMO phase, as well as major changes in the AMOC.
Sub-annual variation will be compared to both mid-Holocene and modern day analogs to determine how
seasonality has changed in the marine environment throughout the Holocene.
In addition to building a floating late-Holocene series, this study will also describe and interpret
the fossiliferous stratigraphic sequence exposed at the Molo site through sampling and subsequent 14C
dating of shell deposits found at the Molo site. A second beach system, known as “Kuhelleran” on the
south-east side of the island of Ingøya (Figure 1c) is also relevant to this study. The Kuhelleran beach is
comprised of a series of raised beaches from which 14C dated shells retrieved from rabbit burrows have
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Figure 1. A) Regional map of the North Atlantic and Norwegian Sea
with study site highlighted in black. B) The islands of Ingøya and
Rolvsøya with the study site highlighted in white.
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Figure 2. An aerial photo of the field area on Ingøya discussed in this paper: the Molo
site, an eroded exposure with a distinct stratigraphy, Sanden Lowland, a modern
beach system with distinct dune and storm features, Østerbotn, a shallow tidal bay,
and Sanden Bay.
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been used to construct a relative sea level curve for the island (Retelle et al., 2016). The relative sea level
curve constructed from these ages is vital to reconstructing the depositional history of the Molo terrace, as
it allows for the placement of the deposits into a stratigraphic framework controlled by glacioisostatic and
eustatic changes through the Holocene.
Because all shells in this study were recovered from discrete stratigraphic units in the Molo
section with ages ranging from 2,000 to 6,000 calendar years B.P., any growth chronologies that may be
produced are not anchored to the present (Mette et al., 2016). Chronologies of this sort are considered
floating, with their ages constrained by both low precision (Bush, 2013; Roberts, 2013) and standard high
precision 14C AMS ages. By dating multiple shells and using the marker-year method for cross-dating
growth increments, independent shell chronologies can be combined to create a longer chronology. Yet
this longer chronology would still be classified as a floating series because it cannot be tied to modern day
(Scourse et al., 2006).

Arctica islandica as a Paleoclimate Proxy
Proxies are biological or geological materials that record paleo-environmental information. They
are used to reconstruct environmental variations or climate for times predating modern instrumentation
(Bradley, 2015). The most common paleoclimate proxies are tree rings, corals, ice cores, sediment cores
(lacustrine and marine), and historical data (Jones et al., 2009a). However, a geographical gap exists in
the realm of mid- to high-latitude, high-resoultion marine climate reconstructions (Witbaard et al., 1996;
Schöne et al., 2003; Wanamaker et al., 2011b; Mette et al., 2016). The marine bivalve Arctica islandica
was first identified by Thompson and Jones (1977) as a possible bio-chronicle (Witbaard, 1996) able to fill
this gap, and has been used in numerous North Atlantic reconstructions in the time since then (e.g. Butler
et al., 2010).
Bivalves (bivalvia) are a class of mollusks (Mollusca) that have a hinged shell and secrete
calcareous internal growth increments on an annual interval in equilibrium with water composition.
Because these growth bands are secreted in equilibrium with water composition, they record isotopic
concentrations, including δ18O and δ13C, which in turn can be used to determine temperature and nutrient
content in the water column at the time of secretion (Klien et al., 1996; Schöne et al., 2003; Wanamaker et
al., 2011a; Mette et al., 2016;).
The species of bivalve that is used in this study is Arctica islandica which lives on marine shelves
in extra-tropical marine environments and can be found throughout the North Atlantic at depths varying
from 5-500m (Wanamaker et al., 2011b), though they are most abundant at depths between 30-60m
(Dahlgren et al., 2000). The current geographic range of A. islandica is extensive: populations exist off
of North America (from the Northern Gulf of St. Lawrence, Canada to Southern New England, USA),
Iceland, and Europe (from the Kola Peninsula, Russia to the westernmost peninsula of France) (Figure 3).
Recently, populations have also been found in the waters on the western side of Svalbard (Dahlgren et al.,
2000).
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Figure 3. Current and past geographical extent of the bivalve Arctica islandica with study area
highlighted in blue (Adapted from Dahlgren et al., 2000).
A. islandica are viable climate proxies for several reasons. First, Arctica are extremely long
lived – it is not uncommon for them to reach ages of 300 years (Witbaard, 1996; Schöne et al., 2003;
Witbaard et al., 2003; Schöne et al., 2005) – while shells up to 510 years have been found (Butler et al.,
2013). This longevity is vital to producing long marine records. Second, as previously mentioned, they
secrete an aragonitic shell in equilibrium with seawater, recording isotopic ratios of δ18O and δ13C (Schöne
et al., 2003; Schöne et al., 2005; Mette et al., 2016). Third, growth increments are recorded annually,
creating a high-resolution record of environmental changes throughout their lives (Jones, 1980). Fourth,
environmental changes, including changes in temperature, food supply, and salinity, are recorded through
variations in these growth increments (Schöne et al., 2003; Schöne et al., 2005; Butler et al., 2009).
Finally, changes in the isotopic composition (δ18O) of a shell on a sub-annual timescale can be used to
reconstruct seasonal variation (Wanamaker et al., 2011b).
The physical and geochemical analysis of the annual increments of A. islandica can be used
to produce high-resolution records of environmental changes and SST, respectively. Physical analysis,
similar to techniques used in dendrochronology, stems from the measurement and comparison of growth
increments throughout the lifetime of an individual Arctica. Marker years are identified and used to
compare different shells, which can then be crossdated to form a longer record. Records that cannot be
crossdated with shell records of a known age (either from modern day or from museum archives) are
considered floating. In the formation of a chronology, crossmatches of forty or more years are considered
necessary for a robust record (Butler et al., 2013), while a correlation of three or more shells for sixty
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or more years is needed in a floating record for it to be considered statistically significant (Butler et al.,
2010).
Chronologies depicting the physical changes in growth increments are useful, yet somewhat
limited in their application. The mechanisms that influence growth in individual A. islandica shells
include temperature, changes in the growing season, and changes in food supply. Yet these mechanisms
and their relationships to one another are not well defined (Butler et al., 2010). The primary driving force
in annual shell growth for these bivalves is food availability (Witbaard et al., 1996; Witbaard et al., 2003;
Butler et al., 2010; Butler et al., 2013), which influences up to 60% of growth (Witbaard et al., 2003). By
comparison, the influence of temperature is understood even less. Different studies have found different
degrees of influence: Witbaard et al. (2003) found between 10-15%, Mette et al. (2016) found between
12-25% of growth, the range of which she attributed to variation in growing season, while Marali and
Schöne (2015) found an influence of up to 43%.
Yet changes in food availability and temperature have been linked to large-scale changes in
oceanic and atmospheric circulation patterns, such as the NAO and AMO. Changes in these systems,
the mechanisms of which are explained in detail later in this study, include changes in mixing and the
northward migration of species. Both of these can impact the food supply of Arctica islandica. For
example, an increase in concentrations of the copepod Calanus finmarchicus, a zooplankton, has been
directly related to changes in growth in A. islandica. However different studies have found varying
correlations between these two factors. Butler et al. (2010) and Witbaard et al. (2003) both found that
an increased concentration of C. finmarchicus and other zooplankton resulted in a decrease in growth
of A. islandica. They explained that an increase in fall/spring concentrations of zooplankton led to
more competition for the phytoplankton food source. In other words, zooplankton limit the amount of
phytoplankton while increasing the amount of zooplankton waste pellets that reach the benthic zone, the
latter of which are two large for Arctia to imbibe. However Wanamaker et al. (2009) found the opposite
to be true. In his study, C. finmarchicus abundance was directly correlated to increased growth in A.
islandica.
The connection between SST and growth is also not entirely understood. Butler et al. (2010)
found a strong positive correlation between SST and shell growth with a lag of one year, which he
attributed to a delayed temperature response of planktonic species. Marali and Schöne (2015) also found a
strong positive correlation, while Wanamaker et al. (2009) found a weak, yet still significant, correlation.
Conversely, Marchitto et al. (2000), Schöne et al. (2002), and Mette et al. (2016) found a significant
negative correlation between SST and shell growth. Mette et al. (2016) postulates that this inverse
correlation is due to increased zooplankton concentrations in warm years, thereby increasing competition
for phytoplankton and restricting shell growth.
Though the connection between these individual mechanisms and growth are not entirely
understood, the relationship between large-scale environmental variation and shell growth is better
defined. Studies by Butler et al. (2010), Mette et al. (2016), Schöne et al. (2003), and Wanamaker et al.
(2009) found a significant correlation between patterns of growth and NAO cyclicity. The exact timing
of these cycles ranged from 2-5 years (Butler et al., 2013) to 5-7 and 7-9 years (Schöne et al., 2003).
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In addition to the small scale NAO variations, long term NAO trends of between 20 years and 29-32
years were also identified (Schöne et al., 2003; Butler et al., 2013). Finally, correlations between growth
variability and the longer oceanic oscillation, the AMO, were also found in Arctica records, though again
the exact timing of these cycles varied by study (Butler et al., 2013; Mette et al., 2016).
Compared to the physical analysis of A. islandica, the factors that influence the geochemical
mechanisms of A. islandica are better understood. Ratios of the stable isotopes δ13C and δ18O can provide
reconstructions of SST and food supply (Schöne et al., 2005). Though an analysis of δ18O stable isotope
concentrations can be useful in modeling a potential reconstructions of SST, these reconstructions are not
absolute. Aside from water temperature, salinity also effects the amount of 18O /16O that is incorporated
into a shell in the form of CaCO3.
The process of 18O and 16O incorporation into the bicarbonate of a shell from the marine
environment is a process called fractionation, and the degree to which this process occurs determines
the ratio of 18O/16O incorporated into the shell. A greater degree of fractionation occurs when water
temperature is lower, meaning that the water molecules have a lower vibrational energy. This lower
vibrational energy causes 18O to be preferentially incorporated into the solid phase instead of 16O, thereby
increasing the ratio of 18O/16O in the shell (Grossman and Ku, 1986; Keith et al., 1964). Therefore, when
SST is lower, the shell will be more enriched in 18O, and have a greater δ18O value.
These changes are not only recorded through time as SST varies, but are also recorded on a
sub-annual timescale. Though the majority of shell growth occurs when SST is higher, thereby resulting
in more depleted δ18O values, the annual growth line is accreted in colder conditions, marked by a
greater δ18O value. Though this signal is only a small portion of the sub-annual δ18O record, it is vital to
understanding the timing of the annual growth increment and the transition between one annual signal and
another (Butler et al., 2009). This deposition of the enriched δ18O value results in seasonal records of δ18O
in Arctica appearing in a sawtooth pattern (Wanamaker et al., 2011b).

Geologic Setting of Ingøya
The bedrock history of Finnmark, Northern Norway is characterized by multiple series of
highly metamorphosed nappes, or eastward thrusting allochthonous rocks, called the Kalak Nappe
Complex (KNC). The KNC features a sequence of metasedimentary rocks called the Sørøy Succesion,
though recently this succession has been split into two sequences, called the Upper and Lower Nappe
series (Kirkland et al., 2007). The bedrock on Ingøya is part of the Upper Nappe series, specifically the
Havvatnet Imbricate Stack and the Sørøy-Seiland Nappe, which were deformed and intruded during
the Porsanger Orogeny in the late Precambrian (~840ma) (Figure 1.2.1). In the areas around the Sanden
Lowland, the bedrock is classified as the Storelv Schist, a muscovite rich pelite (Kirkland et al., 2007).
The islands of Ingøya and Rolvsøya have undergone between 40-50 events of glaciation and
deglaciation in the past 2.6 ma (Mangerud, 2004). The last such expansion was the Late Weichselian,
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Figure 4. Bedrock map of Finnmark, Northern Norway, with light blue indicating the study site and the
corresponding rock type for this area. Adapted from Kirkland et al., 2007.
featuring two ice-extent maxima at 22,000 and 19,000 years BP. The subsequent deglaciation following
this maxima occured quickly, with the final phase of glacial retreat occurring between 13,000-15,000
years BP (Lehman et al., 1991).
The Fennoscandian Ice Sheet (FIS) extended radially north and westward from the mountains
on the eastern border of Norway and Sweden to cover coastal Norway and northern Norway, Sweden,
Finland, and the Kola Peninsula (Russia). North of this area, a second substantial ice sheet, the Barents
Sea Ice Sheet (BSIS). The BSIS was grounded on the Barents Sea continental shelf, while troughs that
cut the floor of the Barents Sea dictated the flow of the BSIS’s ice streams. The largest of these troughs,
the Bear Island Trough, was the source of a major ice-flow westward from the center of the BSIS
(Winsborrow et al., 2010). At the time of maximum glaciation, there was confluence in what is now the
Southern Barents Sea between the Fennoscandian Ice Sheet and the Barents Sea Ice Sheet (Landvik et al.,
1998; Winsborrow et al., 2010). After coming together, both bodies of ice moved westward towards the
Greenland Sea and Fram Strait (Winsborrow et al., 2010; Romundset et al., 2011).
Winsborrow et al. (2010) dated marine sediments throughout the Barents Sea to model the retreat
of these two ice sheets following the Late Weichselian glacial maxima 19,000 years BP. Using the five
stages of glacial retreat outlined by Winsborrow et al. (2010), in addition to dates found by Romundset et
al. (2011), it is possible to reconstruct the glacial conditions on Ingøya at the end of the Pleistocene.
The deglaciation of Ingøya occurred very rapidly between 19,000-15,000 years BP (Figure 5).
At the last glacial maximum (19,000 years BP), Ingøya sat on the border of the FIS and the BSIS, just
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Figure 5. The five stages of deglaciation from 19,000-14,000yrBP, study site of Ingøya marked in yellow.
Adapted from Winsborrow et al., 2010.

south of the Bear Island Trough. During glacial retreat, the ice on Ingøya was subsequently controlled
by the Coast-parallel Trough Ice Stream and the outer extent of the FIS. Though the exact date of full
deglaciation is unknown, a shell (Mya truncata) dated by Romundset et al. (2011) constrains the final
retreat of the FIS to between 14,790-13,860 years BP.
There are two main post-glacial raised shorelines in Northern Finnmark, created during two
distinct periods in the late Pleistocene-Holocene: the Younger Dryas stadial and the mid-Holocene
Tapes Transgression (Donner et al., 1977; Moller et al., 1989; Romundset, 2011). The Younger Dryas
was a significant and rapid cooling that occurred ~11,000 years ago during the deglaciation of the
Fennoscandian Ice Sheet, which resulted in more ice formation and a subsequent decrease in sea level.
Relative sea level during the Younger Dryas was significantly higher than it is today because the crust was
still isostatically depressed from the relatively recent deglaciation (Øystein et al., 2007).
Following the Younger Dryas, relative sea level began to fall due to sudden isostatic rebound. The
Tapes Transgression was a period ~6,000 years ago when sea level rose again, due to an eustatic global
increase in sea level from the demise of the Laurentide Ice Sheet (Wohlfarth et al., 2008). Locally, the
final major melt water pulse of the FIS may have contributed as well. The continued isostatic rebound
in this region led to a small but constant decrease in sea level through the remainder of the Holocene
(Romundset et al., 2011).
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Regional Oceanic Circulation
Ingøya and Rolvsøya are situated ideally for studying the effects of changes in oceanic circulation
patterns on arctic and sub-arctic marine organisms, due to proximity to three ocean current systems
(Figure 1a). Because marine organisms, especially those located in the Arctic, are so sensitive to changes
in these systems, this proximity is essential to build a complete picture of changes in the oceanic and
atmospheric circulation patterns that impact oceanic conditions as recorded in the marine system
(Wanamaker et al., 2011).
The three current systems that influence the marine environment surrounding Ingøya and
Rolvsøya are the Atlantic current, the Arctic current, and the Norwegian Coastal Current (Figure 6). The
North Atlantic current and Arctic current have a greater effect on the deep water systems surrounding the
two islands, whereas the Norwegian Coastal Current has a greater effect on the surface waters (>15m)
surrounding the two islands (Slagstad and Støle-Hansen, 1989).
The boundary between the North Atlantic current and the Arctic current is marked by changes
in temperature and salinity, with the former bringing warmer, more saline water northwards, marking
the northern boundary of the Atlantic Meridional Overturning Circulation system (AMOC) (Naafs,
2010). Although the border between these two currents is currently north of the study sites on Ingøya,
climate reconstructions presented by Hald et al. (2007) indicate that this boundary is dynamic, and as
such shifts further south during periods of cooling, such as the last period of glaciation in the region.
Due to the extreme warming of recent years, the dynamic nature of this border has been observed as the
Atlantic Current has moved northwards (Spielhagen et al., 2011). Because this study investigates mid- to
late-Holocene age shells, it is possible that this boundary was further south than it is today, altering the

Figure 6. Major oceanic currents that influence the study
site.Atlantic water in red, Arctic water in blue, and
Norwegian coastal water in green. Study site highlighted
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growing environment for A. islandica on Ingøya.

The Atlantic Multidecadal Oscillation
The Atlantic Multidecadal Oscillation, or AMO, is a large-scale oscillation of oceanic conditions
based on changes in SST. The effects of the AMO on this region specifically have been documented
by Mette et al. (2016), while Drinkwater et al. (2014) found that AMO-order variation occurred in all
datasets, modern and paleo, north of 60˚N. The AMO is a low-frequency climate variability depicted by
changes in SST anomalies around the North Atlantic, resulting in AMO+ (warm) and AMO- (cold) phases
(Alheit et al., 2014; Drinkwater et al., 2014). In the most dramatic periods of the AMO, the SST pattern
appears in a horseshoe shape starting at low- to mid-latitudes and expanding northward (Alexander et al.,
2014; Drinkwater et al., 2014). Though paleoclimate data does support the AMO, it also indicates times
when the AMO may not have occurred, so “Atlantic Multidecadal Variability” may be a more appropriate
term (Alexander et al., 2014).
Though there are multiple hypotheses explaining the mechanism(s) that drive the AMO, including
fluctuations in surface heat flows, wind driven ocean currents, decadal fluctuations in sea ice, the leading
hypothesis is that the AMO corresponds to changes in the strength of AMOC (Wei and Lohmann, 2012;
Alexander et al., 2014; Alheit et al., 2014; Drinkwater et al., 2014). One hypothesis that may explain
this variation in AMOC and resulting change in the AMO is that stronger overturning in the former
produces warmer North Atlantic temperatures, recorded in the latter. This hypothesis is supported by the
observation that while the Southern Ocean winds control the mean state of AMOC, shorter variability is
controlled by changes in deep-water formation (Drinkwater et al., 2014).
Studies of changes in SST in the North Atlantic have resulted in an AMO period of between 60 to
80 years (Alexander et al., 2014; Alheit et al., 2014; Drinkwater et al., 2014), though some studies have
found the AMO periodicity to be as low as 50-55 years (Delworth and Mann, 2000; Wei and Lohmann,
2012). The overall change in SST between AMO+ and AMO- phases is approximately 0.5˚C (Alexander et
al., 2014). Unlike some shorter oscillations, the phases of the AMO do not change seasonally, but remain
consistent throughout the year (Alexander et al., 2014).
Although the phases of the AMO are based off of SST changes, the phases of this oscillation
have greater implications for the marine environment. During AMO+ phases, warmer waters expand
throughout the North Atlantic. Atlantic waters (AW) move further north, including into the Barents Sea,
which in turn decreases air pressure and ice coverage, further warming waters. This northern expansion
of the AW creates a positive feedback mechanism in the Northern Atlantic, resulting in further warming
(Otiersen and Stenseth, 2001). Coupled with modern warming, the current AMO+ phase could explain
why warming is happening at accelerated rates in the North Atlantic and Arctic (Otiersen and Stenseth,
2001; Spielhagen et al., 2011)
The increase in SST and northward expansion of the AW during AMO+ phases also effects
levels of primary production. Not only is there a general increase in phytoplankton, zooplankton and
general biological activity at all trophic levels during AMO+ phases, but there is also a distinct northward
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expansion of warm-water phytoplankton and zooplankton species (Otiersen and Stenseth, 2001; Alheit et
al., 2014; Drinkwater et al., 2014).
While the AMO is primarily a North Atlantic oscillation, it has been linked to global multidecadal
signals in proxy studies throughout both the northern and southern hemispheres (Drinkwater et al., 2014).
These signals are recorded in both oceanic and terrestrial records, and are seen in the Pacific and Indian
Oceans as well as in North and South America, Africa, Europe, and Asia (Delworth and Mann, 2000;
Sutton and Hodson, 2005; Alheit et al., 2014; Drinkwater et al., 2014). The AMO has also been negatively
correlated to changes in surface air temperature in the Antarctic record (Drinkwater et al., 2014). It
has been postulated that the global influence of this oscillation is due to its connection to the major
thermohaline conveyor belt (Delworth and Mann, 2000).

The North Atlantic Oscillation
The North Atlantic Oscillation (NAO) is a highly-variable oscillation that is controlled by
changes in sea level pressure (SLP) between the Northern Atlantic, at the Icelandic low, and the Southern
Atlantic, at the Azores high. In periods of NAO+ (NAO-), SLP at the Icelandic low (Azores high) is
strongly low (high). This also causes changes in the Jet Stream Current: during NAO+ phases, it remains
at 40˚N, while during NAO- phases it is deflected northwards over Greenland to 75˚N (Wollings et al.,
2010b). Though the NAO occurs during both the summer and winter, both the positive and negative
phases are more accentuated during the boreal winter, though it can also undergo phase changes from
season to season (Hurrell and Deser, 2010).
The period of the NAO is between 7-9 years, though within this time there does not seem to
be any preferred time scale within this period (Hurrell and Deser, 2010). In addition to the short-term
variation of the oscillation, it undergoes longer periods oscillation where it stays persistently positive or

Figure 7. Changes in sea level pressure over the Icelandic low and the Azores high between phases of
NAO+ /NAO- (Severn Estuary Partnership, 2012).
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negative (Hurrell et al., 1995; Fromentin and Planque, 1996; Hurrell and Deser, 2010). Both the shortand long-term variations in the NAO are well documented in the paleorecord (Hurrell and Deser, 2010),
the latter of which has been correlated to the Medieval Climate Anomaly (MCA) and the Little Ice Age
(LIA) – the MCA has been correlated to a persistently positive phase of the NAO, while the LIA has been
correlated to a persistently negative phase (Trouet et al., 2009).
The impacts of the NAO are wide-ranging and include: Changes in western wind speed (WWS),
storminess, precipitation, sea surface temperature (SST), salinity, surface air temperature (SAT), ocean
mixing. Long-term variation in the NAO also influences sea ice formation. These changes during different
phases are outlined below (Hurrell and Desser, 2010):
•

Wind – NAO+ (NAO-) results in stronger (weaker) westerlies at mid-latitudes

•

Storminess – NAO+ (NAO-) results in increased (decreased) storminess northeastward
over the Atlantic and in northern Europe (Scandinavia, Russia) and decreased (increased)
storminess in southern Europe

•

Precipitation – NAO+ (NAO-) results in increased (decreased) precipitation over northern
Europe (Scandinavia, Russia) and decreased (increased) precipitation over central and
southern Europe and north Africa

•

SST – NAO+ (NAO-) results in increased (decreased) SST in the sub-polar North Atlantic,
decreased (increased) SST at mid-latitudes, and increased (decreased) SST in the subtropics

•

Sea Ice – Persistent NAO+ (NAO-) results in decreased (increased) sea ice east of
Greenland, increased (decreased) sea ice west of Greenland

There is also an indirect biological response to changes in the NAO via the local changes to
the oceanic and atmospheric system (such as those listed above) that are associated with the variability
of the NAO (Drinkwater et al., 2003). These responses are detailed by Fromentin and Planque (1996)
and elaborated on by Drinkwater et al. (2003). Fromentin and Planque (1996) found a decrease in
concentrations of the zooplankton C. finnmarchicus in the North Atlantic during NAO+ phases but a
subsequent geographic expansion and increased concentration in the zooplankton C. helgolandicus. He
attributed this to difference in SST preference between species. Drinkwater et al. (2003) found that NAO+
phases resulted in an increase in phytoplankton concentrations. He interpreted this change as a result of
increased winter mixing from increased wind influence, which in turn increased the amount of nutrients
available for primary production in the next season of growth in addition to earlier blooms due to warmer
waters.
Change in the NAO has also been correlated to variations in the degree of shell growth annually.
These correlations have been tied to multiple impacts of the NAO, including changes in SST and in
Western wind speeds (WWS). Schöne et al. (2003) argues that during NAO+ phases, the wind-driven
mixing of surface waters and bottom waters results in the resuspension of nutrients, which in turn
increased food availability for bivalves, thereby increasing annual growth. Alternatively, Witbaard et al.
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(2003) argues that the increased wind during NAO+ phases results in a delay in stratification, which delays
the phytoplankton growth, thereby delaying the zooplankton bloom, allowing more nutrients to reach the
benthic zone and increasing annual growth.
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Methods
This chapter is split into three main sections: field methods, laboratory methods, and
methods of data analysis. The field methods outline any work undertaken at the study site on
the island of Ingøya. Laboratory methods include work done both in the Bates Laboratories
(including both M. Retelle’s Quaternary sedimentology lab and W. Ambrose’s marine biology
lab) and the Bates Imaging Center, as well as work done in the Iowa State University SIPERG
laboratory. The statistical analysis section outlines computational methods used to process and
understand this data.

Field Methods
Stratigraphic exposures and shell collection
Two sections were selected from the Molo site at West Sanden Beach, Ingøya, based on
the exposure of sand layers and shell beds. The first section was classified as Molo I, the second
as Molo II, and a third addendum, classified as Molo IIa, to better understand the stratigraphy of
Molo II.
All sections were cleared in the same manner. First, the slumped over organic topsoil
and layer of vegetation was removed, followed by the clearing of the sections in steps, which
provided vertical faces of the exposure instead of gently sloping material. These vertical sections
were then cleaned using shovels and trowel. Several discrete layers of pebble to cobble sized
clasts, were delineated in the vertical sections. Before and during clearing of these sections, large
A. islandica clams were collected and labeled as “Surface Grab” samples.
Once cleared, the sections were photographed and a detailed stratigraphic log was
constructed from the top of the section to the bottom using a meter stick, with special attention
paid to organic, carbonate sand, pebble to cobble sized clast, shell, and shell hash layers. In Molo
I, two major shell layers were identified, and in Molo II, four discrete shell layers were identified,
with each layer containing different concentrations of A. islandica shells.
In Molo I, shells were sampled from each of the two shell layers identified, starting with
the bottom section, as to not contaminate other sections with debris from clearing. Shells were
photographed and labeled, recording where in the section they were sampled from. In Molo II,
shells were sampled from each of the four shell layers identified, again starting with the bottom
section. In this exposure, the exact location of the shell in its shell bed was recorded using a
meter stick.
In addition to removing A. islandica samples from each exposure, clast measurements
and sand samples were also collected. Clast samples from individual layers were recovered and
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measured in order to produce an indication of average clast size of these layers, and sand was
removed from each distinctive layer within the section to be later analyzed for grain size.
A fourth section was logged from Østerbotn, Ingøya, but in less detail than the Molo
sections, due to a lack of shell material. This section, which contained a distinct cobble layer,
was not cleared, as it was already at nearly a 90˚ angle to the modern beach, but was measured
using a meter stick.

Surveying
Using a tripod, transect, and aluminum stadia rod, elevation data was collected for each
Molo exposure and the two terraces above these features. Measurements were taken from both
terraces to individual mean high tide elevations, with particular emphasis on the elevations of the
terraces and the elevations of the individual exposures.

Laboratory Methods
Stratigraphic and Grain Size Analysis
Eight samples taken from the Molo site were analyzed for grain size distribution
using sieves from -1.0f (2mm) to +4.0f (.063mm), shaken in an 8 inch Forney sieve pan
shaker. A -2.0f pan was used prior to shaking to separate any large clastic or shell material. In
addition to grain size analysis, the surveying and stratigraphic data collected in the field were
used to compile stratigraphic columns for each Molo section. This was done using an Adobe
Illustrator template, on which each stratigraphy was hand drawn. Units were identified based on
composition.

Cataloging and selecting samples for analysis
Upon returning to the laboratories at Bates College, shells were sorted, cleaned, and
categorized based on where they were sampled from. Each shell was given an identifying name,
starting with the collection name (ING15), followed by its location in the Molo stratigraphic
exposure (ex. MI90SL), and an identifying number. Each location name corresponded to
those names assigned to each layer during the field analysis of the stratigraphic sections. After
cataloging the entire collection, each shell was measured along its axis of maximum growth,
which is perpendicular to the hinge to the margin and parallel to the wings of the shell (Figure 8).
In future studies, shells should be measured with calipers and along mutliple axis of growth.
Because it is easier to focus on fully preparing a smaller batch of shells rather than an
entire collection at once, the first group of shells for sample prep was selected, consisting of
between 20-25 shells. These shells were selected based on size (the larger the sample, the greater
the likelihood that it is longer lived) and shell condition. Shells that did not break when flexed
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were preferred over those that did, as it is better to do geochemical analysis on stronger shells

Molo I
Top Layer

Molo I
[MIML]

Molo I
[MI90SL11]

A

B

Figure 8. A) The shell cataloging process depicting shells removed from three discrete stratigraphic units
at the Molo I site. B) The measurement of a shell along its axis of maximum growth from hinge to
margin.
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(Wanamaker, personal communication). Additionally, shells that retained periostracum were
favored over those without since they are less likely to have moved or been moved by another
animal following death. Generally, the shells with intact periostracums were also less likely to
break when flexed.

Sample prep, thin sections
Sample preparation was performed following the methods of Mette et al. (2016).
Preparation of the initial sample set began by removing the wing sections of each clam using
a diamond band saw, which yielded rectangular samples with flat edges parallel to the umbo,
extending from the umbo to the margin of the sample (Figure 9). Cut samples were then placed
in rubber molds, which were filled with a 9:1 ratio of Buelher Epoxicure resin and hardner.
Samples were allowed 24-hours to set, at which point they were removed from the rubber molds
as epoxy blocks.

Ma

rgin

Umbo

Line of
Section

Hinge Plate

Umbo
Wing

Figure 9. Full shell and cross section with labels highlighting the different parts of
the shell used in sclerochronological analysis.
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(ISU SIPERG, 2016)

Figure 10. Mirror-image, polished blocks of
Arctica islandica shells (ISU SIPERG,
2015).

Using a Buelher IsoMet low-speed diamond band saw, these blocks were then cut
in half along the “line of section” (also known as the axis of maximum growth, radiating
perpendicularly from the hinge to the margin; Figure 9), producing two mirror-image shell
blocks (Figure 10). These mirror-image shell blocks were then polished with a disk polisher, with
grit ranging from coarse to fine (P400-P1200), at a speed of 300rev/minute.
For each sample primary and secondary blocks were determined, based on cut and
exposure of the apex of the umbo. An acetate peel of the primary cross-section was then
produced for use in imaging. To produce this peel, the polished face of the selected block was
submerged in a 0.1% molar HCl solution for a period of two minutes. After removal from this
solution, the block was rinsed in de-ionized water and allowed to air dry for between 4 and 16
hours to insure that both the epoxy and the shell itself were fully dry.
When dry, a thin layer of acetone was pumped onto the polished surface and a thin
acetate peel was laid over the solution and allowed to dry for 10 minutes, transferring a thin
layer of the shell itself onto the plastic. This peel was then carefully removed from the block and
preserved between two glass slides. If a single peel was longer than a single glass slide, it was

Figure 11. Acetate peel of shell ING15_MIML08, preserved between two glass slides.
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cut in half and both halves were placed together on the same slide, the outer margin of the shell
nesting under the initial arc (Figure 11). If the peel was unsuccessful, the block was re-polished
(with polishing paper grits 600-1200) and re-peeled using the same methods. Because the peels
can be very difficult to remove from the blocks, different methods such as tweezers and razor
blades were utilized to remove the peel in one piece.

Sample preparation, 14C and Amino Acid Dating
The removed wing sections of several samples were used to prepare samples for 14C
and Amino Acid age determination. Samples were picked for 14C analysis based on shell size,
condition, and long-livedness. Small sections (>30mg) were clipped from the margins (distal
to the umbo) of these wing sections and ground using a Dremel tool to remove any surface
contaminations. These ground samples were then washed in de-ionized water to further reduce
the likelihood for contamination.
Samples were labeled and sent to Northern Arizona University Amino Acid
Geochronology Laboratory (Darrell Kaufman) where they were further cleaned and prepared
for AMS analysis at the University of California, Irvine (UCI) Keck-CCAMS laboratory for
low-precision, AMS 14C dating, a relatively new and less costly method of 14C dating outlined
by Roberts (2013). Additional material was retained by Kaufman for amino acid racemization
(AAR) analysis, which was used to confirm the accuracy of the new low-precision AMS 14C
technique. An overview of the usage of AAR analysis in the dating of biological samples is given
by Bada (1973) and Poinar et al. (1996).
Two additional samples were taken from shells ING15_MIML08 and ING15_MI90SL11
for standard-precision AMS 14C dating. To decrease the amount of uncertainty associated with
sampling from the section of the margin distal to the umbo, sample MI90SL11 was sampled from
the section of the margin proximal to the umbo. This was not possible for shell MIML08 due
to the condition of the shell, so material was sampled in the same manner as the low-precision
sampling technique.
Because of changes in the marine 14C reservoir over time, the 14C ages generated by AMS
14
C dating were calibrated to correspond to calendar years B.P. This was done using Calib 7.1.,
a program developed by Stuiver and Reimer (2016). The reservoir calibration curve used was
MARINE13, with a DR value of 72 and a s value of 18. These values were determined using the
Marine Reservoir Correction Database (calib.qub.ac.uk/calib/).

Imaging of Thin Sections
The acetate peel thin-sections were imaged and recorded using a Nikon 80i Upright
Microscope, and analyzed in the program NIS elements. While for some samples images of the
hinge were utilizable for measurement, this was not feasible for longer-lived samples, where
growth increments become extremely condensed in the hinge and impossible to see, measure,
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Figure 12. Stitched image of shell ING15_MIML01 under 4x magnification. Green lines indicate
the measurement of growth increments. This shell was also measured in the margin due to the
compression of growth increments observed in the hinge plate (right side of image).

and analyze for marker years. For these samples, the margin of the shell also had to be imaged.
Because such images are so large, it is not feasible to image the entire shell at once. Rather,
individual sections are imaged and then exported, to be compiled into a single image in Adobe
Photoshop.
To export images, single frames were “grabbed” using the free-shape grab tool, with a
30% overlap between each individual frame. Both 4x and 10x objective lenses were used, but the
majority of images were generated using the 4x lens, as the 10x lens produced images that were
too grainy. Each individual frame was manually focused before being “grabbed” and “stitched”
into a larger image.
Once a stitched image of each sample was generated, the image processing program NIS
Elements was used to measure and record growth increments (Figure 12). Growth increments
were measured from early-growth to late-growth using the hinge-plate region of the imaged
sample. These measurements were numerically compiled into a data table, which was then
exported into Microsoft Excel. A .jpeg image of the growth measurements was also generated.
For those samples that required imaging the entire shell, Adobe Illustrator was used to generate
measurement data, and increments were measured from late-growth to early-growth, or in other
words from the margin back towards the hinge.

31

Imaging of Blocks
In addition to imaging the thin sections, which are used for increment counting and
measurement, the physical blocks of some samples were also imaged. These images were
produced in order to have a reference “map” file when working with the micromill in the
SIPERG lab at Iowa State University. Because of the limited time available to micromill, only
two samples (ING15_MI90SL11 and ING15_MIML08) were imaged as blocks.
This type of imaging uses a different microscope, the modular focus scope, but also uses
the program NIS elements. Instead of using the free-shape grab tool, which blended the edges
of frames and made it difficult to see growth increments on the exported image, the “scan large
image” tool was used. To use this method, grids of frames were scanned into a single image. To
scan the entire shell, several (~8-10 for a single sample) individual exported images had to be
combined to create a composite image. The composite image was made using Adobe Photoshop
techniques.

Micromilling
Micromilling, which is the subsampling of shell growth increments for use in stable
isotope analysis, specifically δ18O analysis, was performed at the Iowa State University SIPERG
laboratory. Micromilling was done using a Merchantek/New Wave Micromill. To use this
instrument, the sample block first had to be mounted on a metal plate that screws in place on
the micromill itself. Mounting the sample block was done by heating the plate to ~400˚C and
adhering the block to the plate using hot glue. The entire plate was then cooled on a stone slab
tabletop.
After inserting the plate onto the micromill and making sure that it was screwed in
tightly, the mill and its complementary computer program were turned on. Parameters such as
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Figure 13. A) 8 Micromill tracks used to subsample from a single annual increment in shell ING15_
MI90SL11. B) A single Micromill track used to sample a single annual increment in shell ING15_
MI90SL11.
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sample thickness and xy-offset had to be readjusted each time the program was started, and
sample thickness had to be readjusted multiple times during milling due to the sloping of the
sample block. Once the parameters were set, the “scope” setting of the micromilling program
was used to look at the block and determine the best locations for milling within a single
growth increment. Because the resolution of this image was not very good, the image generated
previously with the modular focus microscope was used as a reference image.
For the earliest, and largest, increments, a mean annual line was sampled from the
beginning of the increment to the end of the increment. After collecting this mean annual sample,
8 sub-samples were also sampled from the increment (Figure 13a). This was performed on the
first six increments, after which time only mean annual samples were taken because the growth
increments became too small to subsample (Figure 13b). The subsamples from the first six
increments were used for a seasonality analysis, while the mean annual increments were used to
create a δ18O climatic record.
Once drilled, the sample forms a powder on the surface of the block, which is then
collected using a Xacto knife and a razor blade (similar to sweeping dust into a broompan), and
deposited in a previously tared tin boat, which is then weighed. The weight and sample number
is recorded. The ideal amount of sample needed for analysis is between 250-300mg, but samples
as small as 200mg and as large as 350mg were used. The sample is then deposited in a glass test
tube, which is capped with a reused septum top. In the case of the earlier (larger) mean annual
samples, and in some instances very large subsamples, enough material is collected for two
samples, or splits. In the case of splits, the entire material was homogenized on a glass slide and
then split into two. If there was enough material for more than two samples, then two samples
were measured out and the rest was set aside as an archive. Splits are useful because they can
be used to determine if different runs on the mass spectrometer yield different results, or even if
samples run at different times during a single run are different from one another.
Both the shell ING15_MI90SL11 and ING15_MIML08 were micromilled. The former,
MI90SL11, was subsampled for six increments and a total of thirty mean annual increments
were milled. For the latter, MIML08, because of the condition of the shell, no increments were
subsampled and a total of twenty mean annual increments were milled. Additional information
about these methods can be found in Mette et al. (2016).

Mass Spectrometry
The mass spectrometer used in the SIPERG laboratory at Iowa State University is a
ThermoFinnigan Delta Plus XL mass spectrometer. To prepare samples for analysis on the mass
spectrometer, samples were subjected to a series of steps including drying, helium flushing,
acidification, and finally sampling.
After samples were collected, they were left uncovered overnight in a drying oven at low
heat. Forty micromilled samples is considered a complete run on the mass spectrometer, with
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an additional ten being comprised of two blanks and four of three types of standards. Isotopic
standards used in this instance were NBS19, NBS18, and LSVEC, all of which are standard
reference materials from the National Institute of Standards and Technology. Following drying,
new caps were placed on the samples and tightened until there was slight contraction of the
septum, to insure that the vial was airtight. The samples were then placed in a gas bench and
flushed with a helium carrier gas to remove any atmospheric gases within the vials. This process
took ~4 hours, or five minutes per sample. Following flushing, 1 mL of diluted phosphoric acid
was added to each sample via a ~3 inch needle extended through the septum and into the sample
vial. These samples were then incubated in the mass spectrometer for a period of 16-18 hours
before being run. The acidification of the samples insured that all shell material was converted
into carbonate gas in order to be run through the mass spectrometer system.
Before running the samples, the standards were dispersed evenly throughout the entire
run. The location of each sample was randomized and then recorded on a spreadsheet. The
mass spectrometer computer program then exported run values into this spreadsheet as the run
occurred. Each run takes ~10 hours, with each sample being run for ~12 minutes.

Data Analysis Methods
Crossdating
Using the images created from the thin-sections and imaged under the Nikon 80i
microscope, and the dates found from the low precision 14C dating, samples that fell within the
same time period as one another were selected for crossdating, which was first done with pairs of
shells. To begin the crossdating process, the image of each shell was analyzed for marker years.
It is easiest to do this analysis in the margin, where each growth increment is significantly larger
than in the hinge, and therefore where marker years are more obvious. Marker years are either
single very small or very large years, or a short sequence of some combination of those years.
For example, on the sample ING15_MI90SL11, a series of a very small year, a small year, and
another very small year, provide a set of marker years. A common sequence of marker years is a
small year followed by a very large year, which is known as a “doublet” (Butler et al., 2009).
Once marker years are recorded for multiple samples that fall within the same period of
time as one another, they can be used to crossdate samples to create a longer series. For example,
if that same sequence of three years (from MI90SL11) was found in another sample that was
dated in the same time period as the original sample, this sequence could possibly be used to link
the two samples together, again creating a longer series.
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Standardization
Due to the ontogenic growth trends illustrated in Arctica islandica, in which juvenile
annual growth (<15 years) far exceeds mature annual growth (>15 years), the annual growth
measurements determined from the imaging process have to be standardized. Standardization
was undertaken using the program ARSTAN, which was originally programmed by
dendrochronologists to standardize tree-ring data (Cook, 1985; Krusic and Cook, 2005). The
ARSTAN settings used in this study are detailed Appendix I. Briefly, a negative exponential
curve with k>0 was used for detrending, while a biweighted mean was used instead of an
arithmetic mean. Rbar and EPS statistical analyses were performed on the chronology with a
window length of 30 and a window overlap of 29.

Running Mean and Wavelet Spectral Analysis
The KNMI Climate Explorer (https://climexp.knmi.nl) was used to perform running mean
and wavelet analysis of the chronology. First the chronology had to be uploaded which was done
by copying and pasting a standardized chronology from Microsoft Excel into the text box. After
uploading, the Running Mean and Wavelet analyses were performed. The Running Mean used
a 15 year window with a 1 year running mean. Both a Morlet and DOG wavelet analysis were
performed using a power of 6 transformation.

MTM Spectral Analysis
The multitaper method (MTM) of spectral analysis was also performed on the chronology
using kSpectra version 3.5 (SpectraWorks, 2015). The mean values for the chronology were
uploaded in comma delimited format (.csv) under the Data I/O tab in the ‘Vectors’ category.
MTM analysis was run versus red noise using both a narrowband and harmonic signa, with a
resolution of 2 and tapers of 3 at confidence levels of 90%, 95%, and 99%. The cyclicities were
calculated from the frequencies of the prominent peaks at the aforementioned confidence levels.
δ18O Analysis
δ18O data acquired from ISU was graphed using Microsoft Excel. Temperature
reconstructions were performed on both the annual and interannual data using the equation from
Grossman and Ku (1986):

T = 20.60 – 4.34 * (δ18Oaragonite – (δ18Owater – 0.27))					
Where:

						

			

		T = temperature, δ18Oaragonite = measured δ18Oshell values,
		δ18Owater = estimated δ18Owater value
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(Equation 2.1)

δ18Owater values were estimated using average salinity values from Mette et al. (2016), and
assuming that changes in salinity over time at this site have been minimal.
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Results
Stratigraphy of the Molo Section
The three exposures cleared at the Molo stratigraphic section, categorized as Molo I, II, and IIa,
are compositionally distinct from one another, but share certain key characteristics (Figure 16). In Molo I,
the bottommost layer (2.8-3.2m) is composed of cobble to boulder sized clasts in a sand matrix. This layer
is followed by a similar layer (2.6-2.8m) which is composed of pebble sized clasts in a sand matrix. There
is a shift in between this layer and the one above it, which does not contain any clasts. This layer (2.32.6m) is composed of shell hash in a sand matrix. Above this layer is the first prominent shell bed (2.052.3m) which was categorized as MI90SL (‘Molo I, 90% Shell Layer’). Following this shell layer is a layer
of shell hash with pebble sized clasts (1.85-2.05m). This layer is then overlain by another prominent shell
layer (1.7-1.85m) which was categorized as MIML (‘Molo I Mid-Layer’). This shell layer is overlain by
a distinct and significant cobble layer with a sand matrix (1.3-1.7m). Overlaying this prominent cobble
layer is the topmost shell layer in Molo I (1.25-1.3m), which mostly contained Asarte shells. This shell
layer was overlain by a layer of pebble-sized clasts in a sandy matrix (1.1-1.25m). The top of this layer
(1.1m) marks the transition between the coarser sand layers and the finer sand deposits. From 0.6-1.1m
a tan sand alternated with small layers of brown organics. Above this, from 0.05-0.6m was another
sequence of alternating sand-organics, with grey sand and black organics. The entire section was topped
with a small (0.0-0.05m), dense organic layer.
Because Molo II was not as tall as Molo I, Molo IIa was used to extend the exposure deeper
(Figure 16). Molo IIa was approximately 1m west of Molo II. The bottommost layer of Molo IIa (2.22.55m) is a sandy layer with shells and shell hash as well as pebble-sized clasts. This layer is overlain
by a layer of shell hash (2.12-2.2m), followed by a small sand layer (2.1-2.12m), followed by a small
shell layer (2.0-2.1m). The top of Molo IIa (1.5-2.0m) consists of a shell hash layer with some shells and
pebble to cobble sized clasts. This corresponds with the layer (1.49-1.88m) in Molo II that is composed of
shell hash and cobble sized clasts. This layer is overlain with a layer of shell hash (1.22-1.49m), followed
by the bottommost shell layer of Molo II (1.12-1.22m) which was classified as MIIA (Molo II, Shell bed
A). This shell bed was overlain by a layer of cobble-sized clasts in sand (1.0-1.12m). Above this cobble
layer is another shell layer that also includes pebble-sized clasts (0.85-1.0m) which was classified as
MIIB (Molo II, Shell bed B). Above this shell layer is another pebble layer (0.80-0.85m), followed by a
large shell layer, again with pebbles (0.5-0.8m) which was classified as MIIC (Molo II, Shell bed C). This
is followed by a distinct layer (0.45-0.5m) that is composed of sandy organics that also have articulated
Astarte shells. This layer is overlain by another sandy organic layer (0.23-0.45m), followed by two layers
(0.2-0.23, 0.12-0.2m) of sand. Molo II is topped by a layer (0-0.12) of vegetation.
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Stratigraphy of Molo Sites I-IIa
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Figure 16. The stratigraphic columns of three sections on the Molo exposure (Molo I, II, and IIA), categorized based upon sand layer
composition, organic material, and shell material. Histograms for three distinct shell layers indicate varying concentrations of
shell ages, based on low precision AMS 14C dating.

14

C age determination of shells

Of the 21 shells that were 14C dated using low-precision AMS techniques, six were used to
create a floating series (Table 1). The two longest lived shells, which lived for 212 and 232 years, were
re-analyzed using standard-precision AMS dating techniques. The calibrated 14C dates were plotted with
uncertainty against one another to determine the overlap and subsequent viability of use in crossdating
(Figure 17) (Scourse et al., 2006).
Table 1. Low precision (grey) and high precision (red) 14C and corrected calendar ages with 1- and
2-sigma values for six samples of Arctica islandica from the Molo section.
Sample Number

C Age

(+/-)

Cal. Age

1-sigma

2-sigma

Years Lived

ING15_MIML01

(years BP)
2250

(years)
70

(years BP)
1770

(years)
84

(years)
188

75

ING15_MIML02

2050

90

1538

128

211

52

ING15_MIML03

2210

80

1724

108

196

137

ING15_MIML07

2220

70

1736

96

185

112

ING15_MIML08

2175

50

1682

76

137

232

ING15_MI90SL11

2120

60

1621

81

150

212

ING15_MIML08

2280

15

1810

37

91

232

ING15_MI90SL11

2415

15

1959

45

81

212

14

39

MI90SL11

MIML08

MI90SL11

MIML08

MIML07

MIML03

MIML02

MIML01
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Figure 17. Comparison of low-precision 14C AMS dated shells (black) and standard-precision 14C AMS dated shells
(red). All dated shells shown with corrected calendar years (using MARINE13 calibration) and error indicated in
grey.

Standardized Growth Increment Records
Because of the ontogenic growth trends seen in bivalve species, growth measurement data must
be detrended in order to compare different shell records. The standardized growth index is produced
by detrending raw data using a negative exponential curve (Appendix I). The growth index is centered
around one (Figure 18, red line), with values above and below that number showing deviations in growth
Shell ING15_MIML08 is shown as an example of a detrended record (Figure 18). This shell is
the longest-lived shell used in this study at 232 years. There are clear deviations from the standard of one
in this record. The first half of the record, covering approximately 125 years, indicates lower growth than
the mean, with the second half indicating greater growth than the mean. These records were produced for
each shell used in this study, and in all cases there was a great degree of variation over time.

4

Growth Index

3

2

1

0

0

100

200
Years

Figure 18. Standardized growth series for sample MIML08. Red line indicates standard growth.
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Series
The series produced in this study consists of 5 shells (ING15_MIML01, 03, 07, 08 and ING15_
MI90SL11) and spans 409 years (Figure 19a). This is a floating series, and therefore cannot be tied to a
series of calendar years, but year 0 is approximately 1710 calendar years BP. A 15-year running mean was
applied to this series (Figure 19b) to observe the average trends of the series over time. The majority of
the growth from 0-250 years, negating one prominent peak at 60-75 years, was below the average growth
rate. The growth from 250-409 years, however, shows the opposite trend, with the majority of growth
above the average growth rate, negating one growth decrease from 240-360 years.
Two methods of statistical analysis were applied to this series to quantify the robustness of the
record. Due to the nature of these analyses, they only reflect data from 75-295 years. This occurs because
the beginning and end of this series are only represented by a single shell, which the statistical analysis
cannot be applied to. The first analysis, Rbar, indicates three peaks of significance: 87-112 years, 155205 years, and 235-260 years (Figure 19c). Only the third of these peaks, from 235-260 years, meets the
standard value of a statistically significant series, which is 0.5 SGI. The second analysis, EPS, also reflects
these same three significant peaks, but again, only the latest peak meets the significance values, which for
EPS is 0.85 (Figure 19d).
In order to understand these statistical analyses methods and to better understand the series as a
whole, the number of shells at each point in the series was also plotted (Figure 19e). The number of shells
used is important because it is reflected in both the rbar and EPS statistical equations (Appendix I).
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Figure 19. A) A standardized 409-year series, with the biweighted mean indicated in black and standard
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Wavelet Analysis
Morlet and DOG wavelet transformations were used to identify the cyclical trends of this
409-year series using the KNMI Climate Explorer (2016) program. In the Morlet transformation, two
highly significant periodicities are found at 200 and 55 years (Figure 20a). However, due to the length
of this series, these two periodicities fall outside the “cone of influence” and are therefore require
further confirmation using other statistical methods and, in the case of the 200 year cycle, an extension
of the series. Mildly significant cycles are also seen at 17, 11, and 3-4 year periods. There are also less
significant cycles at 5-7 year periods.
In the DOG transformation, highly significant cycles are seen at 200, 125, and 55 year periods
(Figure 20b). Unlike in the Morlet transformation these periodicities fall within the “cone of influence.”
The cone of influence is used to decribe which signals are significant and which are not. Part of this
is the segment length curse, which describes which periodicities found in these analyses are actually
significan and viable. In general, cyclicities must be shorter than one-third of the entire series length
to be considered viable. In this analysis, significant cycles are seen at 20 and 17 year periods in this
transformation, while mildly significant cycles are seen at 35-40, 25, and 10-12 year periods. Less
significant cycles are seen at 5-7 year periods.
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Period [yr]

Morlet Transformation (power of six)

Period [yr]

DOG Transformation (power of six)

Figure 20. A) Morlet transformation with less significant periods seen in light, bright colors
and more significant periods seen in dark, bright colors with scale under transformation
window. Cone of influence represented by black inverted U-shaped line. B) Power of six
DOG transformation with less significant periods seen in light, bright colors and more
significant periods seen in dark, bright colors with scale under transformation window.
Cone of influence represented by black inverted U-shaped line.
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MTM Analysis
MTM, or Multi-taper method, is a form of statistical analysis used to find high-frequency
periodicities in a longer record. The analysis of this record is done at 90%, 95%, and 99% significance
levels (Figure 21). At 99% significance, prominent peaks indicate cycles of 385, 162, 2.25, and 2.2 years.
At 95% significance, a single prominent peak indicates a cycle of 3.8 years. Finally, at 90% significance,
prominent peaks indicate cycles of 5.5, 3.3, 2.9, 2.7, 2.6, and 2.0 years.
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Figure 21. A) MTM spectral analysis with 90%, 95%, and 99% significance levels marked in light
blue, blue, and dark blue, respectively.
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δ18O Trends and Temperature Reconstruction
The two longest lived shells, ING15_MIML08 and ING15_MI90SL11, which lived for 232
and 212 years, respectively, were analyzed for δ18O at both a sub-annual and annual resolution. While
MI90SL11 was analyzed from or near the first year of growth, many of the juvenile increments in
the margin were missing from MIML08 due to flaking of the shell during the preparation process.
Therefore, both the δ18OShell and measurement data for MIML08 do not reflect the early years of growth
(between 10-15 years by estimation). As such, 30-year and a 20-year δ18OShell record was compiled for
shells MI90SL11 and MIML08, respectively. While thirty years is considered an ideal starting point for
considering climatic changes (Wanamaker, personal communication), twenty years is also applicable.
These two records were applied to the first 30 and 20 years of measured growth for the two
shells under consideration in order to tie them into the 409-year standardized growth series (Figure 22a).
In doing so, these two records together yield a picture of a little more than fifty years of δ18OShell data
(Figure 22b). It is important to note that for the MIML08 record, two years of data were missing, and
for the MI90SL11 record, one year of data was missing. This emission was due to error from the mass
spectrometer and an inability to rerun samples because of a lack of the necessary shell material. There
is a distinct trend observed in the δ18OShell data, with an enrichment from 100-130 years, followed by a
depletion from 130-150 years, followed by what appears to be the beginning of another depletion. More
δ18OShell data would be needed to flush out this trend. The maximum value for δ18OShell found is 4.10/00
(MIML08) and the minimum value is 2.40/00 (MI90SL11).
Using this δ18O data, the Grossman and Ku (1986) equation (Equation 2.1), modified with
modern salinity values (Mette et al., 2016), was applied to provide a possible temperature reconstruction
for this δ18OShell record (Figure 22c). This correction was done using modern salinity values from Mette
et al. (2016) and therefore introduces a possible source of error, as changes in salinity would effect this
reconstruction. That being said, Mette et al. (2016) found very little change in salinity in the study area
over time, encouraging the use of the modern value in this reconstruction. The maximum temperature
value found is 8.27˚C (MI90SL11) and the minimum value found is 0.97˚C (MIML08). As would be
expected based on the fractionation factor associated with the precipitation of CaCO3- into aragonitic shell
material, δ18OShell and temperature are negatively correlated.
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Sub-Annual δ18O Trends and Temperature
Reconstruction
In addition to the annual δ18OShell analyses performed on shells MIML08 and MI90SL11, a subannual analysis was also performed on shell MI90SL11 over the first six years of growth (Figure 23).
Growth increments were subsampled at a rate of 8 samples per year. The resulting data indicates a strong
seasonal signal in δ18OShell for Arctica islandica, which is manifested in a sawtooth pattern. The average
maximum annual value of δ18OShell is 3.870/00, while the average minimum annual value is 2.800/00.
A temperature reconstruction was also done with this seasonal δ18OShell data in order to compare
the degree of seasonal change in this period to both mid-Holocene and modern day conditions (Figure
3.5.1). The temperature correction was again performed using the equation (Equation 2.1) from Grossman
and Ku (1986) and salinity values from Mette et al. (2016). The average maximum annual temperature
found is 6.55˚C, while the average minimum annual temperature found is 1.87˚C. The average change
between minimum and maximum annual values is 4.68˚C.
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Figure 23. Sub-annual trends in δ18OShell and reconstructed temperature from shell MI90SL11 (1959
calendar years BP +/- 45 years). Image of shell MI90SL11 with colored growth increments
corresponding to sampled years as shown on graph.
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Discussion
Molo Stratigraphy
The low precision AMS C14 dates acquired for the various shell layers at the Molo demonstrate
several persistent trends, as seen in the histograms in Figure 16. First, the distinct shell layers do not
represent individual ages of deposition, but rather a process of mixing of comparatively old shells
reworked from older deposits (~6,000 calendar year BP) and younger (~2,000 calendar year BP) shells
that are likely more contemporaneous with the individual stratigraphic units. This mixing of shells is
observed most clearly in the lower shell layer of Molo I and in the primary shell layer of Molo II (Figure
16). Additionally, Donner et al. (1977) found similar trends throughout mainland Finnmark. Not only did
he find that shell deposits that included sand and gravel, like those seen in Ingøya, contain mixed death
assemblages with variations greater than 2,000 years, he also found that of these shell deposits, those
that also contained shell hash better constrained sea level than those from beach sands and gravels. It is
important to note that the age of each shell-bearing stratigraphic unit (MIML, MI90SL, and MIIA) at the
Molo section is constrained by the youngest observed shell in each layer. The youngest observed shell in
the Molo stratigraphy was taken from shell layer MIML, and was dated at 1,489 calendar years BP.
Using the relative sea level curve constructed from the nearby Kuhelleran raised beach system
on the south shore of Ingøya (Retelle, unpublished), it has been estimated that sea level on Ingøya was
approximately 10m at 6,000 calendar years BP, 4.0m at 2,700 calendar years BP, and 3.0m at 1,700
calendar years BP (Figure 24). These elevations and ages correspond to three distinct depositional periods
and sets of units within the Molo section over the last 6,000 years.
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Figure 24. Sea level curve depicting declining
sea levels on Ingøya from the Tapes
Transgression (6,000-8,000 years BP) to
modern day. Each color indicates a different
phase of deposition at the Molo site.
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The depositional reconstruction investigated in this study begins approximately 6,000 years
BP, during the Tapes Transgression. On Ingøya, specifically in the region around Sanden Beach and
Mahfjorden, the Tapes Transgression is apparent in the form of a distinct shoreline between 8-9 meters
in elevation. With respect to the Molo section, this shoreline is seen less than 50m north of the exposure,
though it extends across the northern rim of the Sanden Beach System.
The Molo Section, which was most likely deposited following the Tapes Transgression, can
be categorized by three distinct phases of deposition. Intermixed in these phases of deposition are
what appear to be major storm deposits, characterized by large, rounded clasts. These clasts were most
likely eroded in from the bedrock outcropping along the valley floor and sides in the Sanden Lowland.
Compositionally, they appear to be of the same rock type, a muscovite rich pelite schist.
The first depositional phase occurred between 6,000-2,700 calendar years BP (Figure 24), and is
constrained by ages from shell bed MI90SL and MIIa. On the Molo stratigraphy, this falls between 3.32.05m (Molo I) and 2.5-2.0m (Molo IIa) (Figure 16). This phase of deposition is characterized by, as one
moves up through the stratigraphy in Molo I, a major boulder unit, a major cobble unit, a distinct layer
of shell hash, overlain by a major shell layer. The matrix of these layers, while sandy, contains a large
amount of very fine shell hash. In Molo IIa, deposition is characterized by distinct layers of shell hash
with some shells towards the top of this phase. There are relatively few large clasts found in this section
in Molo IIa. This pattern of shell hash overlain by a shell layer is consistent with the depositional setting
of bivalves in shallow water (Zuschin and Hohenegger, 1998).
This first phase of deposition reflects a time when the modern Sanden Bay (Eastern Ingøya)
and Østerbotn on Mafjord (Western Ingøya) were connected as a single inlet, separating the island into
northern and southern islets. It is likely that the deposition at this time occurred on both the shorelines
and the sea floor. Material deposited on the walls and shorelines of the inlet is likely to have eroded from
these features to come to rest on the sea floor. This could explain the incorporation of mixed shell ages on
the sea floor. The grinding up of shells on the sea floor and subsequent condensing of multiple shell layers
may also result in whole shells of different ages being mixed together to form a layer of shell hash and
complete shells.
The second depositional phase of the Molo occurred between 1,700-2,700 calendar years BP
(Figure 24), and is constrained by ages from shell layer MIML which is located between 2.05-1.25m
(Molo I), 1.85-1.12m (Molo II), and 2.0-1.5m (Molo IIa). This phase of deposition is characterized by,
from the base of the units to the top, pebble to cobble sized clasts with a shell hash matrix, layers of
shell hash, a pebble to cobble layer in a sandy matrix, and finally an additional shell layer in a sandy
matrix (Figure 16). This transition from a shell hash matrix to a sandy matrix is consistent with the
environmental transition from a bay system to an active beach system, as is observed at Sanden Beach
in modern day. This active beach front is characterized by the washing up of large quantities of shells
onto the beach with the tides. It is also likely that at this point in time, Sanden Beach and Østerbotn were
connected only at high-tide. This period of deposition is also characterized by significant storm deposits,
evident in the large cobble layer seen in Molo I and Molo II, which is most likely indicative of a single
major event. Also relevant to this discussion is the fact that this cobble layer is lower in the Molo II and
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IIa stratigraphy than it is in the Molo I section. This may confirm that accretion during the first phase
of deposition was a result of shell material eroding down the sloped shoreline of the northern Sanden
lowlands.
The third depositional phase in the Molo section, between 1.25-0m (Molo I) and 1.12-0m (Molo
II) (Figure 16), occurred between 1,700 calendar years BP and modern day (Figure 24). This phase of
deposition is characterized by aeolian deposits interbedded with organic deposits, marking periods of
organic topsoil development which was then overlain by additional aeolian sand deposits. This process
has likely been repeated numerous times since sea level retreated to the point where aeolian deposition
was the main source of sand accumulation.
In addition to the depositional history of the Molo, it is also necessary to address differences in
growth conditions noted by Mark et al. (2016), who found that 6,000 calendar year BP Arctica islandica
shells produced from a bay on the eastern side of nearby Rolvsøya island are much shorter lived.
Conditions in the bay that formed between Mahfjorden and Sanden at this time most likely contributed
to this phenomenon, as the combination of shallow waters and high speed eastern winds, which persist in
the modern environment (noted in personal communications with residents of the island and via personal
observation), likely enhanced mixing of nutrients in the water column (Bendtsen et al., 2006).
The trend found by Mark et al. (2016) was persistent both when comparing shells from both
different time periods (2,000 calendar years BP in comparison to 6,000 calendar years BP) and from the
same time period (6,000 calendar years BP), indicating that it was caused not by a temporal change in the
region, but rather a specific difference in environments between the two islands. This is intriguing and
requires further study, as Butler et al. (2009) found that while population proximity did have an effect on
the coherence of different populations and chronologies through time, change was minimal in populations
<40km from one another. The populations on Ingøya and Rolvsøya, in comparison, are separated by only
2.5km. However, Butler was looking at samples taken at depth >100m, in comparison to the samples from
Ingøya and Rolvsøya, which most likely grew at depths <10m. A study by Eppelé (2005) possibly bridges
this gap, finding that synchrony is decreased between samples in coastal bays and shallow sites.

14

C dating

The focus of this study, which is to create a high-resolution “snap-shot” of Holocene marine
conditions, relies heavily on the use of 14C dating techniques. Understanding the difference between the
two techniques used, possible error, and how the ages may be used to construct a robust chronology is
vital. A comparison of low-precision and standard-precision AMS 14C ages (Figure 17) indicated two
things. First, using a technique of graphing calibrated ages and incorporating the lifespan and error
associated with each shell to this graph was the best way to ascertain which samples were within viable
range of one another for crossdating. While six samples were originally being considered for crossdating,
using this technique it became apparent that sample MIML02 should not be included in the series as it
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predated the other shells.
Second, the comparison of low-precision and standard-precision AMS 14C dating yielded some
interesting results. By factoring in the longevity of each of the two shells analyzed using both techniques,
some degree of overlap between the two records was found. However, the individual dates found by using
the two techniques were not within error of one another. In the case of shell MI90SL11, the region of the
shell sampled for each technique was different. For the low-precision technique, a section of the margin
was sampled, whereas for the standard-precision technique, a drill was used to sample from the section
of the margin proximal to the hinge. In the former sampling technique, there is a much higher degree of
uncertainty connected to the resulting age since growth increments in the distal margin are much smaller
than the proximal section of the margin, and create an added uncertainty of 40 years (Butler et al., 2009).
By sampling in the proximal section of the margin, there is a higher likelihood of sampling only one
or two years. For shell MIML08, where sampling in the proximal margin was not possible due to the
condition of the shell, the samples taken for both low-precision and standard-precision were taken from
the distal margin. As stated, this adds a much higher degree of uncertainty, which may contribute to the
difference in dates between the two techniques.

Standardized Growth Increment Records
Individual standardized growth increment (SGI) records produced for six shells taken from the
Molo Section, dated between 1500-2000 calendar year BP, all showed high degrees of annual variability,
as seen in the individual record for shell MIML08 (Figure 18; Appendix I). While this signal could, to
some degree, implicate changes in SST, it is more likely that the annual growth variations are due to
changes in nutrient availability (Witbaard et al., 1996; Witbaard, 2003; Butler et al., 2010; Butler et al.,
2013). The changes in nutrient delivery and availability that have been found to effect growth in Arctica
are associated with large-scale climate variation, including the NAO, AMO, and AMOC. In order to better
understand these variations, which are apparent in the individual SGI series, the 400-year series was
assessed.
In addition to climate variation, another factor that may influence the degree of variation seen
in individual SGI records is the type of regression used in the standardization process. For a shell like
MIML08, which is long-lived, the negative exponential curve may not fully express variation in the
condensed increment widths. This is because the negative exponential curve becomes nearly constant
after a number of years. To correct this, either a cubic smoothing spline or a negative exponential curve
used on a shell where the first 15-30 years of growth have been removed may be more appropriate for
those longer shell records (Mette, personal communication).
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400 Year Crossdated Series
The construction of a 400-year floating series, comprised of five individual A. islandica ranging
from 50-230 years of growth (Figure 19), allows for the analysis of large-scale climatic changes over
a significant period of time in the late-Holocene. By comparison, the majority of studies of recent to
modern trends in large-scale variation are comprised of the past 150 years (e.g. Mette et al., 2016), largely
due to the fact that consistent SAT, SST, precipitation, and plankton records have only been recorded
since the late-1800s to early-1900s (e.g. Fromentin and Planque, 1996), which are needed to address the
correlations of trends between climate and different climatological proxies.
While this 400-year series provides valuable insights into the relationship between large-scale
climatic variation and the local marine environment in Northern Norway, there are several problems
with it that need to be addressed. First, as has been previously discussed, while the 400 year series can
be roughly correlated to a period of time in the late-Holocene, between 1,500-2,000 calendar years BP,
absolute calendar years cannot be ascribed to individual years of growth. For this to occur, this floating
series would need to be tied to the modern chronology produced by Mette et al. (2016) from the same
region (Scourse, 2006). Second, the statistical analyses of this series, including Rbar and EPS (Figure
19c, d), indicate that only portions of this series are statistically significant. Some of the values in these
analyses are even negative, indicating that there is a negative correlation between growth in different
shells over the same time periods.
There are two explanations for the lack of significance found in these analyses. The first is that,
because both the Rbar and EPS calculations rely on a high sample number, this series simply does not
have enough replication to be statistically robust. Butler et al. (2010) states that in order for a floating
series to be considered statistically significant, there must be a correlation of three or more shells for sixty
or more years. This series meets these standards of replication for only one sixty year period (Figure 19c,
d).To address this limitation, more shells would have to be added to this series to make it a chronology.
An ideal chronology would have an unlimited number of shells for each section of the chronology, but a
more appropriate benchmark might be between 3-6 shells consistently throughout the chronology.
A second explanation for the lack of significance relates to the discussion of differences in growth
patterns between Ingøya and Rolvsøya. It is possible that the shells in this environment are simply not
very synchronous in their growth patterns. I would expect that if this were the case, the times that shells
would exhibit a large degree of synchrony would be during very large or very small growth years, but not
in more general growth years, which is supported by the finding that the greatest degree of synchrony in
this series corresponded to the greatest increase in growth (Figure 19a, c, d). Although this series shows
enough consistency to draw preliminary conclusion about large-scale climatic patterns, further work is
needed to increase the statistical significance of this record.
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AMO
One of the major purposes of this study was to determine if large-scale climatic trends, rather than
local climate variability, were recorded in the shells found on Ingøya. The creation of the extended shell
series was vital for this analysis, enabling the determination of longer term oscillations in addition to the
shorter oscillations associated with such oceanic and atmospheric patters as the NAO.
An analysis of the 400-year series was performed using both the multitaper method (MTM) and
wavelet (Morlet and DOG) analyses (after Torrence et al., 1998; Butler et al., 2010). These analyses
yielded slightly different results. While the MTM analysis was better at determining the high-frequency
(<10 year) variations in the series, the wavelet analyses were better at determining the low-frequency
trends. This was somewhat expected, as MTM analyses tend to show more detail in defining highfrequency variations (Butler et al., 2010; Butler et al., 2013). As such, the wavelet analyses were better at
defining AMO variation than were the MTM analyses.
The low-frequency variations indicated by the wavelet analyses (Figure 20) were found to be 5055 years, 35-40 years, 10 and 20 years. All of these were within the cone of significance for both Morlet
and DOG transformations, except the 50-55 year cyclicity, which was within the cone of significance in
the DOG transformation but just outside it in the Morlet transformation. Using known AMO cyclicities
found by studies of other Arctica, other proxies, and climate models, this 50-55 year periodicity can be
classified as low-order AMO variation (Delworth and Mann, 2000; Wei and Lohmann, 2012; Alexander et
al., 2014; Alheit et al., 2014; Drinkwater et al., 2014; Mette et al., 2016). It is important to note, however,
that only three of these studies found AMO variation to exist at periodicities <60 years (Delworth and
Mann, 2000; Wei and Lohmann, 2012; Butler et al., 2013), indicating that this study expands what is
currently understood about AMO variability, especially at northern latitudes.
In comparison to other studies that have investigated AMO variability into the Holocene, this
study seems to agree. Though Wei and Lohmann (2012) found AMO cyclicity to be consistent and
unchanging through the Holocene while Olafsdottir et al. (2013) observed a decreased cyclicity, both
studies seem to agree that the periodicity of the AMO during the Holocene occurred on 50-80 year
timescales. The patterns of the AMO-like variability observed in this study and in the study of varved proglacial lake sediments by Olafsdottir et al. (2013), then, which are both produced from proxy records, are
in agreement with the modeled AMO described by Wei and Lohmann (2012).
The existence of the AMO signal in this series extends the findings of Mette et al. (2016), who
found a strong correlation between shell growth and the instrumental AMO record, which spans from
1870 to modern day. Her record, which was created using both live-caught and dead bivalves taken from
the modern day bays and waters surrounding Ingøya and spans from 1900 to modern day, also found
that large-scale climatic variability was more persistent in the shell record than was local variation. This
observation seems to be supported by the findings of this study, which indicates that though these shells
occur in a region influenced by the Norwegian Coastal Current, the Atlantic waters entering the Barents
Sea have a greater effect on shell growth and the marine environment.

57

NAO
In addition to the low-frequency variation found in the wavelet analyses, higher-frequency
variation was also observed. It is important to note that NAO variation takes two forms: the first is in
high-frequency cycles (<10 years), which is the change between NAO+ and NAO- phases (characterized
by Figure 1.4). The second is in lower-frequency cycles (between 30-40 years), in which times NAO
phases will be persistently positive or negative. These two oscillations of the NAO have been observed
in instrumental data from the North Atlantic region since 1864 (Hurrell et al., 1995; Hurrell and Deser,
2010), and in proxy records (Schöne et al., 2003; Wanamaker et al., 2009; Butler et al., 2010).
Significant periods of 35, 20, 10, and 5-7 years were identified in wavelet analyses of the series
(Figure 20), while periods of varying significance (between 90-99%), at 2-3 and 5.5 years, were identified
using MTM spectral analysis (Figure 21). The 35 year cycle identified using wavelet analysis is classified
in this study as low-frequency NAO-like variability, as is seen in modern records. While this periodicity
has been clearly defined in the instrumental data of the region, it has been less well defined in the proxy
record. Because of the limited reach of this instrumental data, its existence in this series is a significant
finding, as its persistence past historical records has not been well documented. The lower-frequency
10 and 20 year cycles identified in this study are classified as results of Schwabe and Hale solar cycles,
respectively (after Butler et al., 2010; Butler et al., 2013). The periods of 2-3, 5.5 and 5-7 years identified
in both the wavelet and MTM analyses are reflective of high-frequency NAO variation. This finding was
somewhat expected, as it is well represented in other Arctica studies (Schöne et al., 2003; Wanamaker et
al., 2009; Butler et al., 2010).

Climatic Implications of AMO/NAO Cycles
Although this study has identified periodicities consistent with low-frequency AMO and NAO
and high-frequency NAO cycles, the specific temporal climatic implications of these cycles are not
necessarily clear. While other Arctica studies have found a clear, positively correlated relationship to shell
growth and AMO phase, the relationship between shell growth and NAO cyclicity is less well defined
(e.g. Mette et al., 2016). In her study, Mette et al. (2016) found that growth during positive phases of the
NAO varied based on the AMO index during the same time period. AMO+ and NAO+ conditions result
in warmer waters and an increased abundance of zooplankton, decreasing food availability resulting in
decreased shell growth. AMO- and NAO+ conditions, conversely, result in cooler waters, decreasing the
abundance of zooplankton and increasing water column mixing, increasing shell growth. AMO and NAO
phase, then, indirectly influence the degree of shell growth observed annually by altering food availability
and SST of the marine environment.
In the context of this study, it becomes very difficult to identify specific variations in the
series and determine that growth was effected at that time because of altered nutrient and temperature

58

conditions. Yet by identifying the AMO and NAO signals in this record, it is possible to reach two
conclusions: first, that during the different phases of the AMO and NAO identified in this series, shell
growth was effected by a combination of nutrient and temperature changes, and second, that changes in
shell growth indicate that this marine environment is effected primarily by large-scale climatic variations
rather than local environmental shifts.

Annual δ18O and Temperature Reconstruction
The δ18Oshell values found during isotopic analysis are significantly correlated with the individual
SGI series for ING15_MIML08 and ING15_MI90SL11 and with the 15-year running mean (Figure 18;
Figure 19; Figure 22; Appendix I). However, these δ18Oshell series are not significantly correlated with the
bi-weighted mean of the series. As noted in the results section, there is a distinct pattern to the δ18Oshell
data, with a significant enrichment followed by a depletion and what looks to be the beginning of another
enrichment, which looks to be one cycle of an oscillation, though without more data this is impossible
to confirm. That being said, a cycle occurring on this period is consistent with large-scale NAO changes,
discussed at length below.
In comparison to modern day δ18Oshell values, those seen in these late Holocene shells were
significantly higher, or in other words, more enriched. Mette et al. (2015) found δ18Oshell values for modern
Arctica to be between 2.0-3.50/00, compared to values found for shells aged 1810 and 1959 calendar years
BP, which ranged from 2.5-4.00/00. This enrichment could be due to lower, i.e. colder, SST values in the
region, though further δ18O analyses would have to be done to confirm this.
Furthermore, the change in the δ18Oshell displays a strong change in temperature, based on
reconstruction using the equation by Grossman and Ku (1986) (Figure 22). However, because this
equation is based upon both temperature and salinity, the temperatures seen could not be wholly accurate.
Instead, the change observed may be coming from a combination of temperature and salinity, in which
case this δ18Oshell correction for temperature would be inaccurate. Assuming that the temperature correction
is correct, however, indicates that whatever climate mechanism causing this change has a very large
impact on summer SST and BWT, as a shift of nearly 6˚C is observed.
In addition to the large degree of change seen in the annual temperature reconstruction, it is
also important to note that temperature is negatively correlated to δ18Oshell values, a relationship that was
expected due to the dynamics of carbonate fractionation in marine systems (Sharp, 2007). From this
converse relationship, it is also apparent that the temperature values are negatively correlated to growth.
Previously, the relationship between shell growth and temperature has not been well defined. While some
studies have found the two to be negatively correlated, others have found the opposite (Marchitto et al.,
2000; Schöne et al., 2002;, Wanamaker et al., 2009; Marali and Schöne, 2015; Mette et al., 2016). This
study supports the finding that temperature and shell growth are negatively correlated, i.e. increased
growth appears to happen in colder conditions. This finding is the same as the results seen in Mette et al.
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(2016) for modern day bivalves.

Interannual δ18O and Temperature
Reconstruction
The interannual trends identified in the δ18Oshell and temperature reconstruction of shell ING15_
MI90SL11 (Figure 24) has several implications. First, the trends observed indicate that shell growth is
relatively stable from year to year. The only deviation from this trend is seen in the sixth year of growth
(sample number 40-50, Figure 24), where the majority of the growth signal seems to exist before the
summer growth period. In all samples, the summer growth signal is represented by a nearly horizontal,
closely grouped set of points. The gradual depletion and subsequent increase in temperature between
these six years could be due to an ontogenic trend or a general warming trend. Further analysis would be
needed to say definitively which of these is the case. A similar trend was observed by Wanamaker et al.
(2011b). It is also important to note that the values recorded in this shell are likely to represent only ~25%
of the seasonal signal of variation, based on seasonal temperature variation recorded in modern shells
(Mette et al., 2016).
The seasonal trends identified in this study depict a unique trend when compared to other
sub-annual values from throughout the Holocene. The 6,000 year BP Arctica shells from Rolvsøya,
located 2.5km south of the site on Ingøya, show seasonal temperature variations of 2.5˚C (Mark et al.,
2016), while modern variation from the waters around Ingøya indicate a seasonal variation of 7˚C. This
difference indicates that through the Holocene, the seasonal change in SST has increased in the marine
environment. This trend directly opposes the terrestrial trend noted by Wanner et al. (2008), which can be
attributed to decreased summer solar insolation from the mid-Holocene to modern day.
The mechanism that may explain this difference between marine and terrestrial environments is
depicted in a study by Wanamaker et al. (2011b) where the decrease in seasonality through the Holocene
is identified as a direct result of decreasing summer insolation. In marine systems, unlike terrestrial
systems, the increase in solar radiation only warms the top layer of the water column (down to the
thermocline). Because of this, at times when there is a greater degree of warming of the surface waters,
there is also increased stratification and a decrease in mixing throughout the water column, which results
in a decrease in seasonal changes at depth. As cooling occurs throughout the Holocene, stratification
is decreased and there is a greater degree of mixing, allowing for more of the warm surface waters to
be incorporated into the waters at depth. This mixing leads to warmer summer temperatures at depth,
increasing the seasonal signal. It is important to note, however, that these observations were made at in
marine settings at greater depths, while samples used in the Ingøya and Rolvsøya analyses are likely from
shallow bay environments. The implications of this difference require further examination.
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Conclusions
In conclusion, the deposition of the Molo section occurred in three phases that can be correlated
to changing marine conditions: a shallow bay, an active beach front, and dunes. The age of the Molo
section can be constrained by low precision 14C AMS dating of the oldest and youngest units, found to be
6903 and 1425 calendar years BP.
The 409 year crossdated series constructed indicates that shell growth in the Ingøya region are
likely more effected by large-scale oceanic and atmospheric variation than they are by local changes
in the marine environment. Periodicities in this record are reflective of possible low-frequency AMO
variation, low-frequency NAO variation, and high-frequency NAO variation.
Comparison of the chronology and δ18Oshell values indicate that temperature and shell growth,
in this instance, are negatively correlated to one another. Finally, δ18Oshell and subsequent temperature
reconstructions from this time period indicate that seasonality has increased through the Holocene.
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Appendix I
Detailed Description of CASE and ARSTAN
Methods
Before using ARSTAN, several things had to occur. First, the folder ‘ARSTAN_XP’
was moved into the folder ‘Sclero Software.’ In order to operate ARSTAN, any files being run
have to be in this ‘ARSTAN_XP’ folder. Additionally, the folder ‘Absoft80,’ which is inside the
‘ARSTAN_XP’ folder, has to be copied to the computer’s hard drive (‘Local Disk (C:)’). Second, the annual measurement data recorded in Excel had to be labeled as follows: Column 1 was
labeled ‘Years’ and Column 2 was labeled with the shell name, for example ‘MIML08.’ Column
1 was auto-filled with numbers 1-409 (length of the chronology), while Column 2 was filled with
the shell measurements (because measurements of the six A. islandica in this study were taken
from the margin towards the hinge, measurements had to be reversed in excel, so that the larger
growth years were at the top of the file). The format remains the same when preparing to run
multiple shells comprising a chronology through ARSTAN, with additional columns holding the
raw measurements for each additional shell. This file was then saved as a “Text (Tab delimited)
.txt” file.
The .txt file was then moved into a folder labeled ‘Sclero Software,’ which contained the
program CASE.EXE. This program was used to compress the .txt file into a .rwl file so that it
could be read by ARSTAN (Figure Ia). The .rwl file was then moved into the ‘ARSTAN_XP’ file
and Arstan_44.exe was run. The following commands were used:
1. <ret> to run. / to exit, h for more info: <ret>
2. File name #1: ‘File name’.rwl
3. File name #2: <ret>
4. Enter your overall run title: ‘Run title’
5. Run in batch mode from log file? y/<n>/h: <n>
6. Enter the option to change (<ret> = go): 1 (‘tree-ring data type’)
a. Enter your data format type: 4 (‘tree-ring series in compact format’)
7. Enter the option to change (<ret> = go): 4 (‘first detrending’)
a. : 2 (‘neg expon curve (k>0), no = opt 5 (linear regression (neg slope)’)
b. Plot data with curve fits? y/<n>: y
8. Enter the option to change (<ret> = go): 7 (‘interactive detrend’)
a. : 2 (‘interactive detrending’)
9. Enter the option to change (<ret> = go): 16 (‘running rbar’)
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a. Enter rbar window length, <ret> for none: 30 (50 was also used)
b. Enter the running rbar window overlap: 29 (49, 30, and 25 were also used)
c. Plot running rbar and eps? y/<n>: y
10. Enter the option to change (<ret> = go): 18 (‘core series save’)
a. : 6 (‘save in tab-delimited columns’)
11. Enter the option to change (<ret> = go): 19 (‘summary plots’)
a. : 3 (‘all of the above (lots!!!)’)
12. Enter the option to change (<ret> = go): <ret>
Though there are numerous outputs from ARSTAN, there are a select few that are important and should be highlighted:
• ‘Shell.rwl_log.txt’ – The commands used for this run
• ‘Shell.rwl_raw.txt’ – STD values for each shell, -9.9900 value denotes 0
• ‘Shell.rwl_tabs.txt’ – Number of shells/year, Mean raw, standard, residual, and
arstan values
• ‘Shell.rwl_ind_rbar.txt’ – Rbar and EPS statistics

Figure Ia. Commands necessary to convert a .txt file to a .rwl file using the program CASE.EXE.
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When selecting the methods for the mean value function and standardization in ARSTAN, the analysis performed by Butler et al. (2010), which compared multiple different regressive models, was used. As such a biweight robust mean function and negative exponential
function (Equation 3.4.1) were selected. Further correction of the samples in this study could be
done by eliminating the first 30 years of growth or by using a cubic smoothing spline, which may
better account for the variations at maturity that may be missed by the negative exponential function.
Gt = a * e-bt + k						
(Equation Ia)
Where:							
(Butler et al. 2010)
Gt = modelled growth trend		
b = concavity of the curve
t = time
K = limiting (minimum) increment width
a = initial increment width
When run through ARSTAN, each chronology undergoes three forms of autoregressive
modelling. The first is the ‘standard’ (‘std’) regression, the second is the ‘residual’ (‘res’) regression, and the thirds is the ‘arstan’ (‘ars’) regression. The ‘standard’ chronology is not modelled at
all, the ‘residual’ regression has had all autocorrelation removed, and the ‘arstan’ regression has
all the autocorrelation except that which occurs in multiple series removed (Butler et al., 2010).
ARSTAN also performs Rbar and EPS statistical analysis of the chronology. Rbar is the
mean correlation between detrended series, and is heavily impacted by the number of series used
in the analysis (Equation 3.4.2).
Total variance = Rbar + (1-Rbar)/N				
(Equation Ib)
Where:
						
(Butler et al., 2013)
N = number of shells
EPS or “Expressed Population Signal” is a statistical analysis that determines to what extent
individual increment widths from a chronology express the growth changes in the entire group
of shells being analyzed (Butler et al., 2009). EPS values greater than 0.85 are considered statistically significant (Mette et al., 2016). The effect of the number of shells on the EPS statistic is
amplified because it incorporates the Rbar value (Equation 3.4.3).
EPS = (n * Rbar) / (n * Rbar + (1- Rbar))			
(Equation Ic)
Where:
						
(Butler et al., 2009)
n = number of shells
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Appendix II
SGI Records
Standardized growth index series for shells MIML01, MIML02, MIML03, MIML07, and 			
MI90SL11. Red line indicates average growth, while values >1 indicate greater than average 			
growth and values <1 indicate lower than average growth.
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